A genomic assessment of species boundaries and hybridization in a group of highly polymorphic anoles (distichus species complex) by MacGuigan, Daniel J. et al.
A genomic assessment of species
boundaries and hybridization in
a group of highly polymorphic
anoles (distichus species complex)
The Harvard community has made this
article openly available.  Please share  how
this access benefits you. Your story matters
Citation MacGuigan, Daniel J., Anthony J. Geneva, and Richard E. Glor. 2017.
“A genomic assessment of species boundaries and hybridization in
a group of highly polymorphic anoles (distichus species complex).”




Terms of Use This article was downloaded from Harvard University’s DASH
repository, and is made available under the terms and conditions
applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-
use#LAA
Ecology and Evolution. 2017;7:3657–3671.	 	 	 | 	3657www.ecolevol.org
Received:	29	July	2016  |  Revised:	8	December	2016  |  Accepted:	22	December	2016
DOI:	10.1002/ece3.2751
O R I G I N A L  R E S E A R C H
A genomic assessment of species boundaries and hybridization 
in a group of highly polymorphic anoles (distichus species 
complex)




























dewlap	color,	may	actually	 represent	several	 independent	evolutionary	 lineages.	To	
test	this,	we	utilized	amplified	fragment	length	polymorphisms	(AFLP)	genome	scans	
and	genetic	clustering	analyses	in	conjunction	with	a	coalescent-based	species	delimi-







revision,	 but	 that	 dewlap	 color	 cannot	 be	 relied	 upon	 as	 the	 primary	 diagnostic	
character.




























many	variants	 in	 between;	most	 dewlap	 color	 and	pattern	variation	






Bienentreu,	 Hertz	 &	 Köhler,	 2011;	 Poe	 &	 Yañez-Miranda,	 2008;	
Velasco	&	Hurtado-Gómez,	2014).	However,	in	the	case	of	A. distichus 
and	a	few	other	polymorphic	anole	species,	populations	with	strikingly	
different	 dewlaps	 have	 been	 recognized	 as	 subspecies	 or	 unnamed	












vealed	molecular	 differentiation	 and	 reduced	 gene	flow	at	 the	 con-
tact	zone	between	some	subspecies	(Case	&	Williams,	1984)	but	not	
others	(Case,	1990;	Case	&	Williams,	1984;	Williams,	1977;	Williams	
&	 Case,	 1986).	 Meanwhile,	 mitochondrial	 DNA	 (mtDNA)	 sequence	
data	suggested	that	each	of	 the	subspecies	 found	 in	the	Dominican	
Republic	form	distinct	and	deeply	divergent	clades,	with	the	exception	
of	 the	widespread	 subspecies	A. d. dominicensis,	which	 is	 associated	
with	multiple	mtDNA	clades	(Glor	&	Laport,	2012).	Fine-scale	studies	
of	 contact	 zones	between	pairs	of	 subspecies	 involving	phenotypic,	








The	 multilocus	 phylogeny	 of	 Geneva	 et	al.	 (2015)	 also	 sug-
gested	 for	 the	 first	 time	 that	 geography	 may	 be	 more	 import-
ant	 than	 dewlap	 color	 variation	 for	 delimitation	 of	Anolis	 species.	
Modern	Hispaniola	formed	when	a	North	and	a	South	paleo-island	
merged	 approximately	 15	mya	 (Graham,	 2003;	 Iturralde-Vinent	 &	
MacPhee,	1999).	The	boundary	between	 these	paleo-islands,	 also	






to	 lizards	 adapted	 to	 the	 more	 mesic	 environments	 flanking	 the	
valley	 (Glor	&	Warren,	 2011;	Townsend,	 Rimmer,	 Latta	&	 Lovette,	
2007).	Anolis distichus	populations	appear	 to	have	diverged	across	
Mertens’	 line,	with	 the	 deepest	 phylogenetic	 split	 dividing	 clades	
of	subspecies	found	primarily	on	either	the	North	or	the	South	pa-
leo-island	(Geneva	et	al.,	2015).
In	spite	of	 this	prior	work,	no	study	of	A. distichus	has	 involved	
range-wide	assessment	of	genomic	variation	with	 the	goal	of	 iden-
tifying	 candidate	 species.	 Utilizing	 amplified	 fragment	 length	 poly-
morphism	 (AFLP)	 genome	 scans,	 we	 apply	 a	 two-step	 process	 of	
candidate	species	discovery	and	validation	(Carstens,	Pelletier,	Reid	&	
Satler,	2013).	We	specifically	test	whether	the	A. distichus	subspecies	
delimited	 by	 dewlap	 color	 and	 pattern	 correspond	with	 genetically	
distinct	 populations	 that	 may	 warrant	 recognition	 as	 distinct	 spe-
cies	under	 the	general	 lineage	 species	 concept	 (de	Queiroz,	 2007).	
Additionally,	 we	 test	 whether	 divergence	 across	 Mertens’	 line	 oc-
curred	in	the	A. distichus	complex	and	contributed	to	the	group's	cur-
rent	taxonomic	diversity.	We	then	use	AFLP	genome	scans	on	a	finer	
geographic	scale	 to	 test	Ng	et	al.'s	 (2016)	prediction	that	 two	pairs	
of	subspecies	characterized	by	different	dewlap	color	are	genetically	
distinct	 and	 experiencing	 limited	 gene	 flow	where	 they	 come	 into	
contact.	With	our	genomic	perspective,	we	also	test	the	hypothesis	
that	 dewlap	 color	 has	 diverged	 repeatedly	within	 and	 among	 pop-
ulations	 of	A. distichus.	 Our	 results	 shed	 light	 on	 the	 species-level	
diversity	within	A. distichus,	 the	 efficacy	 of	 dewlap	 color	 as	 a	 diag-
nostic	 character,	 and	 the	 role	 of	 biogeography	 in	 shaping	 genomic	
divergence.
2  | METHODS
2.1 | Tissue sampling and DNA extraction
We	 obtained	 tissue	 samples	 for	 245	 lizards	 from	 76	 localities	 on	
Hispaniola	 and	 the	Bahamas,	 representing	both	 species	 in	 the	dis-
tichus	species	complex	(A. distichus	and	A. altavalensis)	and	11	of	18	
A. distichus	 subspecies.	We	 divided	 these	 samples	 into	 three	 sets.	
The	first	 set	was	designed	 to	broadly	diagnose	genetically	distinct	
populations	and	candidate	species	across	the	distichus	species	com-
plex.	This	 set	 initially	 included	92	 samples	 from	39	 localities,	with	
broad	 taxonomic	 coverage	 of	 the	A. distichus	 species	 complex,	 in-
cluding	A. altavalensis	(endemic	to	the	Hispaniolan	satellite	island	of	





divergence	and	hybridization	between	A. d. ignigularis	and	A. d. ravit-
ergum	across	a	hybrid	zone	along	the	Baní	River	in	the	south-central	





Our	 third	 set	 of	 59	 samples	 was	 designed	 to	 assess	 genetic	
	divergence	and	hybridization	between	A. d. ignigularis	and	A. d. domini-
censis	 across	 a	 hybrid	 zone	 at	 the	base	of	 Samaná	Peninsula	 in	 the	
northeastern	 Dominican	 Republic.	 Previous	 work	 along	 this	 zone	
	indicates	abrupt	phenotypic	and	genetic	divergence,	albeit	with	con-
siderably	shallower	genetic	differentiation	than	the	transect	between	




System	 kit	 (Promega	 Corp.)	 or	 via	 a	 phenol	 chloroform	 extraction	
protocol	modified	from	Laird	et	al.	(1991).	For	phenol	chloroform	ex-
tractions,	we	combined	up	to	20	ng	of	tissue	with	250	μl	of	TENSII	




to	 a	 prespun	 (15,000	g	 for	 1–2	min)	 Phase	 Lock	 GelTM	 (PLG)	 2	ml	
heavy	tube	(5	Prime,	Inc),	added	0.5	ml	of	phenol:chloroform:isoamyl	
alcohol	 (PCI,	 25:24:1),	 and	mixed	 via	 repeated	 inversion.	We	 then	
centrifuged	 at	 14,000	g	 in	 an	 Eppendorf	model	 5,424	microcentri-
fuge	 for	 5	min	 before	 transferring	 the	 resultant	 aqueous	 phase	 to	
a	 fresh	 prespun	 PLG	2	ml	 tube	 heavy	 tube.	We	 next	 added	 0.5	ml	
of	 chloroform:isoamyl	 alcohol	 (CI,	 24:1)	 to	 the	 sample	 in	 the	PLG2	





for	 20	min,	 rinsed	with	 1	ml	 of	 95%	 ethanol,	 centrifuged	 again	 at	
14,000	g	for	10	min,	and	ultimately	re-suspended	the	resulting	DNA	
pellet	in	200	μl	H2O.












































































A. d. ravitergumA. d. favillarum
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2.2 | Molecular methods
2.2.1 | AFLP genotyping
AFLPs	 can	 provide	 a	 large	 amount	 of	 genomic	 data	 to	 address	

































primers	 complementary	 to	 the	 adaptor	 sequence,	 but	with	 one	 ad-
ditional	 nucleotide	 (adenine	 for	 EcoR1	 adaptors,	 cytosine	 for	Mse1 
adaptors)	at	the	3’	end	of	the	primer.	Each	preselective	PCR	amplifi-
cation	reaction	included	22.8	μl	H2O,	5	μl EcoR1	primer	(10	μmol/L),	
5 μl Mse1	primer	 (10	μmol/L),	5	μl	MgSO4,	5	μl	10X	BioBasic	Buffer,	







T A B L E  1  Sampling	for	this	study.	This	table	includes	only	those	individuals	that	passed	our	preliminary	quality	control	screening
Taxon Distribution Localities Individuals
Set	1:	General	Sampling	(8	primer	pairs,	534	loci,	66.75	loci/primer	pair)
 A. altavalensis Isla	Alto	Velo 1 4
 A. d. ocior Bahamas 1 2
 A. d. distichus Bahamas 1 1
 A. d. aurifer Hispaniola;	South	Paleo-island;	Tiburon	Peninsula 2 3
 A. d. vinosus Hispaniola;	South	Paleo-island;	Tiburon	Peninsula 1 9
 A. d. suppar Hispaniola;	South	Paleo-island;	Tiburon	Peninsula 2 7
 A. d. favillarum Hispaniola;	South	Paleo-island;	Barahona	Peninsula 4 9
 A. d. dominicensis Hispaniola;	North	and	South	Paleo-islands 7 17
 A. d. properus Hispaniola;	North	Paleo-island;	Western	Dominican	Republic 5 8
 A. d. ignigularis Hispaniola;	North	Paleo-island;	Central	Dominican	Republic 9 13
 A. d. ravitergum Hispaniola;	North	Paleo-island;	South-central	Dominican	Republic 3 3
 A. d. ignigularis/ravitergum Hispaniola;	North	Paleo-island;	South-central	Dominican	Republic 2 4
 A. d. sejunctus Hispaniola;	North	Paleo-island;	Isla	Soana 1 2
Set	2:	A. d. ignigularis/A. d. ravitergum	hybrid	zone	(6	primer	pairs,	552	loci,	92	loci/primer	pair)
 A. d. ignigularis Hispaniola;	North	Paleo-island;	South-central	Dominican	Republic 1 13
 A. d. ravitergum Hispaniola;	North	Paleo-island;	South-central	Dominican	Republic 1 14
 A. d. ignigularis/ravitergum Hispaniola;	North	Paleo-island;	South-central	Dominican	Republic 21 50
Set	3:	A. d. dominicensis/A. d. ignigularis	hybrid	zone	(6	primer	pairs,	836	loci,	139.33	loci/primer	pair)
 A. d. dominicensis Hispaniola;	North	Paleo-island;	Samaná	Peninsula 7 23
 A. d. ignigularis Hispaniola;	North	Paleo-island;	Samaná	Peninsula 4 18
 A. d. dominicensis/ignigularis Hispaniola;	North	Paleo-island;	Samaná	Peninsula 2 10
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500	bp.	Samples	that	failed	the	preselective	amplification	were	rerun	
until	successful	or	excluded	from	the	final	dataset.



















All	 fragment	 analyses	were	 performed	 by	 the	 Functional	 Genomics	
Center	at	the	University	of	Rochester	Medical	Center	using	an	Applied	
Biosystems	3730	Genetic	Analyzer	with	a	LIZ500	size	standard.
2.2.2 | AFLP scoring and error analysis
We	 individually	analyzed	every	primer	pair	 for	each	set	of	 samples,	
as	 well	 as	 for	 a	 concatenated	 dataset	 containing	 all	 samples.	 For	
the	combined	dataset,	only	the	first	six	primer	pairs	were	used.	We	
first	 visually	 inspected	 and	 analyzed	AFLP	 electropherograms	using	
PeakScanner	v1.0	(Applied	Biosystems)	with	light	peak	smoothing	and	
default	settings.	We	analyzed	results	from	PeakScanner	using	a	modi-








set	 equal	 to	 the	 smallest	 of	 the	 observed	maximum	 fragment	 sizes	
from	the	individually	analyzed	sets.












was	completely	 removed	 from	 the	dataset	prior	 to	downstream	ge-
netic	clustering	and	species	delimitation	analyses.









samples).	All	 duplicate	 samples	were	 randomly	 selected.	We	 scored	

















2.3 | Species delimitation & species tree inference
We	used	 two	methods	 to	 infer	boundaries	between	candidate	spe-
cies	 from	 the	 AFLP	 data	 acquired	 for	 Set	 1,	 which	 included	 broad	
geographic	 and	 taxonomic	 sampling.	 The	 first	 method	 was	 largely	
exploratory	 and	 relied	 on	 the	 clustering	 algorithms	 implemented	 in	
the	 program	 STRUCTURE	 (Pritchard,	 Stephens	 &	 Donnelly,	 2000)	
to	ask	whether	some	populations	or	sets	of	populations	correspond	
with	genotypic	clusters	that	may	represent	distinct	species.	The	sec-
ond	method	used	Bayes	 factors	 and	a	coalescent-based	 framework	
to	 quantitatively	 evaluate	 and	 compare	 a	 set	 of	 alternative	 species	
delimitation	scenarios	derived	a priori	from	taxonomy,	biogeography,	
























clusters.	The	optimal	number	of	genetic	clusters	 is	 identified	as	 the	
breakpoint	where	the	slope	of	lnP(D)	vs.	K	begins	to	plateau	(Evanno	
et	al.,	2005).
The ΔK	 method	 alone	 can	 underestimate	 the	 actual	 number	 of	




assigned	 to	 one	 cluster	 were	 excluded	 from	 subsequent	 hierarchi-





















lescent-based	model	 comparison	 framework	outlined	by	 Leaché	et	
al.	 (2014).	We	 generated	 eight	 species	 delimitation	 scenarios	 that	
consisted	of	between	two	and	thirteen	species	based	on	(1)	current	
taxonomy,	 (2)	 biogeography,	 and	 (3)	 genotypic	 clusters	 identified	
by	STRUCTURE	 (Figure	2).	The	three	models	based	on	the	current	
taxonomy	were	 (I)	 two	species	corresponding	 to	 the	 two	currently	
recognized	 species	 (A. altavalensis	 and	A. distichus),	 (II)	 twelve	 spe-
cies	 corresponding	 to	 A. altavalensis	 and	 each	 sampled	 subspecies	
of	A. distichus,	and	(III)	thirteen	species	including	the	twelve	species	
of	model	II	plus	distinct	A. d. dominicensis	species	on	the	North	and	
South	 Hispaniolan	 paleo-islands,	 as	 implied	 by	 recent	 multilocus	
phylogenetic	analyses	(Geneva	et	al.,	2015).	The	two	biogeographic	
models	 were	 (IV)	 three	 species,	 corresponding	 with	 Hispaniola's	
North	 paleo-island	 (including	 both	 Hispaniolan	 satellite	 island	





five	 species	with	 individuals	 assigned	 based	 on	 results	 of	 the	 final	




with	A. d. properus/sejunctus	as	a	separate	species	from	A. d. ignigula-
ris,	as	in	model	VII).
We	 assessed	 the	 relative	 fit	 of	 each	 species	 delimitation	model	
using	Bayes	factor	delimitation	with	genomic	data	(BFD*),	a	recently	
developed	 species	 delimitation	 method	 for	 analysis	 of	 biallelic	 ge-
nomic	data	(Leaché	et	al.,	2014).	BFD*	combines	the	likelihood	algo-
rithm	 in	 the	BEAST	v.2.1.3	 add-on	 SNAPP	v.1.1.6	 (Bouckaert	 et	al.,	
2014;	 Bryant,	 Bouckaert,	 Felsenstein,	 Rosenberg	 &	 RoyChoudhury,	
2012)	with	path	sampling,	a	method	to	estimate	marginal	likelihoods	
for	 use	 in	 Bayes	 factor	model	 selection	 (Leaché	 et	al.,	 2014).	 BFD*	
allows	 direct	 comparison	 of	 competing	 species	 delimitation	models	
without	requiring	them	to	be	nested.	Following	Leaché	et	al.	(2014),	










increase	 run-times	 without	 significantly	 altering	 the	 results	 (http://
beast2.cs.auckland.ac.nz/SNAPPv1.2.pdf).	Therefore,	we	did	not	em-
ploy	the	dominant	alleles	model	for	our	analyses.





model	 selection	 statistics	 indicated	 the	 degree	 of	 support	 for	 the	
best	 fitting	model	 relative	 to	 each	 alternative	model.	A	 BF	model	
selection	statistic	between	0	and	2	reflects	weak	support,	between	
2	and	6	reflects	positive	support,	between	6	and	10	reflects	strong	
     |  3663MACGUIGAN et Al.










ran	 two	 independent	MCMC	chains	 for	1	×	106	 generations,	with	pa-
rameters	and	trees	sampled	every	1,000	generations.	To	assess	MCMC	






F I G U R E  2  Species	delimitation	models	along	with	Bayes	Factor	scores	from	BFD*	analyses.	Species	delimitation	models	(roman	numerals)	
are	displayed	as	columns	with	candidate	species	(numbered	boxes)	comprised	of	different	combinations	of	subspecies	(rows).	The	subspecies	
A. d. dominicensis	is	split	into	North	(N)	and	South	(S)	paleo-island	populations.	Asterisks	next	to	candidate	species	numbers	indicate	that	one	
or	more	individuals	from	A. d. dominicensis	N	are	included	in	the	candidate	species,	and	crosses	indicate	that	one	A. d. suppar	individual	was	
included	in	the	candidate	species.	Marginal	likelihood	estimates	and	Bayes	factor	scores	are	noted	for	each	species	delimitation	model.	All	Bayes	
factors	were	calculated	relative	to	model	VIII
















































Score from BFD* 566.59 89.78 62.81 349.16 397.19 34.88 94.83 --
Marginal 
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2.4 | Interactions between candidate species 
at areas of contact
Our	 delimitation	 of	 candidate	 A. distichus	 species	 was	 restricted	 to	







same	 type	 of	 hierarchical	 STRUCTURE	 analyses	 used	 for	 the	 Set	 1	
analyses.	By	analyzing	genotypic	 assignment	proportions	across	 the	
hybrid	zone,	we	determined	whether	hybridization	is	ongoing,	as	well	
as	 the	 extent	 to	which	 admixture	 is	 evident	 outside	 of	 the	 contact	
zone.
2.4.1 | Genetic diversity and pairwise FST calculation
We	 calculated	 genetic	 diversity	 (He)	within	 and	 pairwise	FST	 among	





for	allele	 frequencies	 (Zhivotovsky,	1999)	 to	estimate	FST	under	 the	




3.1 | Error rates and quality control
We	 determined	 AFLP	 scoring	 error	 rates	 for	 20	 locus/phenotype	
threshold	combinations	for	each	primer	pair.	Ultimately,	we	only	used	




of	 most	 individuals	 to	 any	 cluster.	 We	 were	 unable	 to	 determine	
primer	pair	specific	error	rates	for	sample	Set	1	for	two	primer	pairs	
(M53/E1	and	M53/E2)	due	to	a	technical	change	at	the	core	facility	
conducting	our	AFLP	 fragment	analyses.	As	a	 result	of	 this	 change,	









pair	 from	7,	 3,	 and	 1	 individual(s)	 and	 two	 primer	 pairs	 from	8,	 1,	
and	0	 individuals	 in	 sets	1,	2,	 and	3,	 respectively.	Following	exclu-




3.2 | Species delimitation & species tree inference
3.2.1 | Genotypic clustering analyses






individuals	 of	A. d. dominicensis	 sampled	 from	 the	North	 and	 South	








land	cluster	suggested	additional	subdivision,	with	the	optimal	K = 2. 
However,	the	two	genotypic	clusters	identified	by	this	analysis	were	






pattern	 at	K	=	4,	 the	value	of	K	with	 the	 highest	 overall	 lnP(D).	 For	
K	=	4,	most	individuals	had	the	majority	of	their	genotype	assigned	to	
a	 single	 cluster	 (average	 of	maximum	 genotype	 assignment	 propor-
tions	=	83.8%,	 Figure	 S2a).	The	 four	 genotypic	 clusters	 identified	 in	
analyses	 of	 North	 Paleo-island	 populations	 corresponded	 primarily	
with	 the	 following	 populations:	 (1)	A. d. ravitergum,	 individuals	 from	
a	hybrid	zone	between	A. d. ravitergum	and	A. d. ignigularis,	A. altaval-
ensis,	and	A. d. dominicensis	from	the	central	Dominican	Republic,	 (2)	
A. d. ignigularis	and	individuals	from	a	hybrid	zone	between	A. d. ravit-
ergum	and	A. d. ignigularis,	(3)	A. d. properus	and	A. d. sejunctus,	and	(4)	
the	 Bahamian	 subspecies	 and	 individuals	 of	 A. d. dominicensis	 from	
the	 north-central	Dominican	Republic.	Only	 two	 individuals	 did	 not	
have	the	majority	of	their	genotype	assigned	to	a	single	genetic	clus-
ter:	 one	A. d. dominicensis	 from	 the	 central	Dominican	Republic	 and	




yses,	we	 ran	100	 replicate	STRUCTURE	 runs	on	Set	1	with	K	 fixed	






















is	 a	South	paleo-island	endemic	 that	 includes	all	 populations	of	 the	
highly	 polymorphic	A. d. favillarum.	 The	 second	 candidate	 species	 is	
also	 largely	endemic	to	the	South	paleo-island	and	 includes	all	pop-
ulations	 of	 the	 Tiburon	 Peninsula	 endemic	 subspecies	 (A. d. aurifer,	
A. d. suppar,	and	A. d. vinosus)	as	well	as	southern	populations	of	the	
widespread	 A. d. dominicensis.	 The	 northern	 boundary	 for	 this	 can-











of	 the	 Barahona	 Peninsula.	 Both	 dewlap	 and	 body	 color	 are	 highly	





species	 encompasses	 the	 central	 and	 eastern	 Dominican	 Republic.	








The	 sixth	 candidate	 species	 includes	 northern	 A. d. dominicensis 











of	 A. distichus	 formed	 a	 monophyletic	 group	 with	 moderate	 sup-
port	 (posterior	probability	=	0.82).	However,	 the	strongly	 supported	
placement	 of	 the	 predominantly	 North	 paleo-island	 populations	 of	
A. d. dominicensis	(Figure	4,	Species	F)	rendered	the	North	paleo-island	
paraphyletic.	We	also	observed	a	weakly	supported	sister	relationship	
between	 the	A. d. ignigularis	 species	 and	 the	A. d. properus/sejunctus 
species.









3.3 | Interactions between candidate species 





largely	 with	 subspecies	 (Figure	 3).	 No	 further	 population	 structure	
was	revealed	with	additional	hierarchical	ΔK	analyses.	The	genotypes	
of	all	A. d. ignigularis	individuals	from	the	northern	end	of	the	transect	
were	 strongly	 assigned	 (min	=	89.3%,	 mean	=	96.0%)	 to	 one	 geno-
typic	cluster.	Genotypes	of	the	all	A. d. ravitergum	individuals	from	the	
southern	 end	 of	 the	 transect	were	 strongly	 assigned	 (min	=	73.9%,	
mean	=	95.0%)	to	the	second	genotypic	cluster.	Individuals	from	sites	
in	the	middle	of	the	transect	were	admixed,	with	genotypes	assigned	
to	 both	 clusters.	 The	 two	 sites	 in	 the	middle	 of	 the	 transect	were	
very	heterogeneous,	with	 genotype	 assignment	proportions	 for	 the	
(A. d. ravitergum)	cluster	ranging	from	1.4%	to	98.8%.
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Our	third	set	of	samples	consisted	of	836	AFLP	 loci	 for	51	 indi-
viduals	sampled	across	the	ranges	of	A. d. ignigularis	and	A. d. domini-
censis,	 with	 a	 particular	 focus	 on	 a	 transect	 between	 these	 two	
subspecies.	The	first	 round	of	ΔK	 analyses	with	 this	 dataset	 identi-

















FST	 estimates	 between	 A. d. ravitergum	 and	 A. d. ignigularis	 for	 Set	
2	were	 larger	when	 individuals	 from	the	hybrid	zone	were	excluded	
(0.1071	vs.	 0.2536).	 Pairwise	FST	 estimate	was	 also	 larger	 for	 Set	 3	
when	excluding	potential	hybrids	(0.0922	vs.	0.1152	between	A. d. ig-
nigularis	 and	 northeastern	A. d. dominicensis,	 0.1151	 vs.	 0.1163	 be-
tween	northeastern	A. d. dominicensis	and	central	Dominican/Haitian	









with	 previously	 diagnosed	 subspecific	 boundaries	 (A. d. favillarum,	
A. d. ignigularis),	most	do	not	 (Figure	2).	Lack	of	correspondence	be-





numerous	 genomically	 distinct	 populations.	While	 these	 results	 do	












included	a	few	individuals	from	a	hybrid	zone	between	A. d. ignigularis 
and	A. d. ravitergum.	We	chose	not	to	exclude	these	admixed	individ-
uals	 as	 this	may	 have	 falsely	 inflated	 support	 for	 delimitation	mod-
els	comprising	more	species.	However,	despite	the	inclusion	of	these	
admixed	individuals,	the	optimal	species	delimitation	model	still	split	
A. d. ravitergum	 and	 A. d. ignigularis	 into	 different	 candidate	 species.	
The	inclusion	of	admixed	A. d. ignigularis/ravitergum	individuals	in	our	
species	tree	analysis	may	explain	the	low	posterior	probability	for	the	








between	 A. d. ravitergum/alavalensis	 and	 A. d. favillarum)	 (Table	 2)	
T A B L E  2  He	and	pairwise	FST	values	for	the	six	species	of	delimitation	model	VIII.	Values	shown	were	calculated	without	including	











A. d. favillarum 0.01937 0
A. d. ignigularis 0.03367 0.1706 0
A. d. ocior/distichus/
dominicensis	N
0.03408 0.1170 0.0895 0
A. d. suppar/aurifer/ 
vinosus/dominicensis	S
0.02206 0.1415 0.1651 0.0683 0
A. d. ravitergum/altavalensis 0.03458 0.2851 0.1193 0.1660 0.2704 0
A. d. properus/sejunctus 0.03425 0.1587 0.0142 0.1032 0.1662 0.1322 0
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(Lambert	et	al.,	2013).	This	observation	supports	the	hypothesis	that	




Although	pure	biogeographic	 scenarios	were	 among	 the	worst	per-
forming	 delimitation	 models	 (Figure	 2),	 our	 results	 support	 prior	
hypotheses	 (Geneva	et	al.,	2015;	Glor	&	Laport,	2012)	 that	 suggest	
divergence	 of	 populations	 on	 Hispaniola's	 North	 and	 South	 paleo-
islands	 has	 contributed	 to	 diversification	 in	 bark	 anoles	 (Figures	 1	









populations	 (A. d. distichus	 and	 A. d. ocior)	 are	 genomically	 indis-
tinguishable	 from	 populations	 of	 A. d. dominicensis	 found	 in	 north-
ern	 Hispaniola	 supports	 Geneva	 et	 al.'s	 (2015)	 hypothesis	 that	 the	
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Bahamian	populations	are	the	result	of	relatively	recent	overwater	dis-
persal.	Increased	taxonomic	coverage	and	geographic	sampling	of	the	
Bahamanian	 subspecies	 and	A. d. dominicensis	will	 be	 crucial	 to	 pin-
point	the	progenitor	population(s)	of	the	Bahamian	distichoids	and	to	
determine	when	the	Bahamas	were	colonized.	We	also	find	evidence	





(Isla	Alto	Velo),	 likely	 resulted	 from	 relatively	 recent	 colonization	 of	






4.2 | Dewlap color in species delimitation
The	historic	use	of	dewlap	color	as	the	primary	taxonomic	character	
in	the	A. distichus	complex	has	led	to	recognition	of	many	subspecies	
that	may	 not	 reflect	 true	 evolutionary	 lineages.	We	 identified	 sev-
eral	 candidate	 species	 that	 contain	 a	 broad	 array	 of	 dewlap	 colors.	
For	instance,	A. d. favillarum	appears	to	be	a	single	genetic	population	
with	 impressive	 dewlap	 color	 polymorphism,	 consistent	 with	 prior	
phylogenetic	(Geneva	et	al.,	2015)	and	allozyme	studies	(Case,	1990;	
Williams	 &	 Case,	 1986).	 In	 another	 case	 of	 dewlap	 polymorphism	
without	genetic	divergence,	four	parapatric	A. distichus	subspecies	on	
the	Tiburon	Peninsula	of	Southwestern	Haiti,	A. d. aurifer,	A. d. suppar,	
A. d. vinosus,	 and	A. d. dominicensis	 each	 have	 distinct	 dewlap	 color-












is	 currently	 underestimated.	 Future	 studies	 should	 explicitly	 quan-
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the	 home	 range	 of	 either	 subspecies	 (Ng	 et	al.,	 2016).	Despite	 low	
pairwise	FST	estimates	between	the	two	subspecies,	we	conclude	that	
there	is	a	strong	genetic	break	between	A. d. ignigularis	and	A. d. rav-
itergum,	with	admixture	at	the	hybrid	zone	but	limited	gene	flow	be-
tween	the	subspecies.
The	 second	 subspecies	 pair	 we	 examined	 was	 A. d. ignigularis 




2016).	Unlike	 the	 transect	 between	A. d. ravitergum	 and	A. d. ignigu-
laris,	this	transect	does	not	encompass	any	obvious	environmental	gra-
dient.	While	there	is	signal	of	admixture	in	the	middle	of	this	transect,	
the	 hybrid	 zone	 is	 not	 as	well	 defined	 as	 the	 hybrid	 zone	 between	
A. d. ravitergum	and	A. d. ignigularis	(Ng	et	al.,	2016).	There	appears	to	
be	significant	admixture	well	into	the	range	of	A. d. dominicensis	at	the	






sists	 of	 three	 or	 four	 geographically	 distinct	 and	 deeply	 divergent	
polyphyletic	lineages	(Geneva	et	al.,	2015).	Their	species	tree	analyses	
recovered	a	clade	of	northern	Haitian/central	Dominican	A. d. domini-
censis	 and	a	 separate	clade	of	northern	Dominican	A. d. dominicen-
sis	whose	most	recent	common	ancestor	was	that	of	all	A. distichus 
(Geneva	et	al.,	2015).	This	deep	divergence	within	A. d. dominicensis 
is	 reflected	 in	 our	 own	 analyses,	with	 a	 distinct	 genetic	 break	 be-
tween	populations	from	northern	Haiti/central	Dominican	Republic	
and	populations	from	the	northeastern	Dominican	Republic	 (Figure	
3).	 Comparatively,	 A. d. ignigularis	 located	 on	 mainland	 Hispaniola	
shows	 little	genetic	differentiation	across	 its	entire	range,	from	the	
Samaná	 Peninsula	 to	 the	 southeastern	 Dominican	 Republic.	 Thus,	
despite	 the	 relative	 uniformity	 of	 dewlap	 color,	 there	 is	 genetic	









cies	 identified	on	 the	basis	 of	 genomic	 differentiation.	Additionally,	
delimiting	the	geographic	boundaries	between	these	putative	species	
requires	more	 extensive	 geographic	 sampling	 of	 genomic	 variation.	
The	 fact	 that	 A. altavalensis	 is	 genetically	 indistinguishable	 from	






Our	 study	 provides	 a	 geographically	 broad	 first-take	 genomic	 per-
spective	on	a	young	species	complex	of	anoles	with	remarkable	dew-












In	 contrast	 to	 the	 lack	 of	 genetic	 divergence	 between	 popula-
tions	differing	 in	dewlap	coloration,	we	find	support	for	several	bio-
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